Abstract: This paper presents a wideband tunable cross-polarization converter based on a graphene metasurface with a hollow-carved "H" array in the mid-infrared regions. The converter consists of three layers: the upper layer of the insulation dielectric layer is a periodic regular hollow-carved "H" array, and the bottom layer is a metal ground plane. Simulation is carried out by applying the frequency domain solver of the CST Microwave Studio software. The numerical simulation results show that the polarization converter transforms linear light into its cross-polarization light. The polarization conversion ratio is over 90% at 2.53 THz within the range of 34.39 to 36.92 THz, whereas the FWHM bandwidth is 3.87 THz within the range of 33.8 to 37.67 THz, about 11% of the central frequency. Thus, the cross-polarization converter can be dynamically tuned over a wide frequency range by altering the Fermienergy of graphene, without reoptimizing and refabricating nanostructures. The operating frequency band of the proposed structure can also be tuned by changing the size of w 1 or while keeping the polarization conversion ratios high. Moreover, strong robustness is observed under the oblique incidence. Specifically, the polarization conversion ratios can be maintained at over 90% at angles of incidence of up to 50
Introduction
Polarization is one of the most significant properties of manipulating electromagnetic (EM) waves in many aspects such as sensor systems, antennas, and optical communication. There are a number of conventional methods to manipulate polarization, including the use of photoelastic modulators, birefringence effects, and optical grating [1] . These methods generally require a long propagation distance to acquire the phase accumulation and involve the use of large equipment [2] , [3] . Thus, exploring the application of both lightweight and small polarization control equipments is desirable. It is essential for polarization converters to control the polarization state in communication and spectroscopy [4] . Since its development, the metasurface has been increasingly linked to polarization due to its many unique characteristics, such as in-phase reflection, negative refraction indices, and axially frozen modes, among others [5] - [7] . Indeed, the metasurface has been widely applied in the design of polarization converters [8] , [9] . Lots of polarization manipulating devices have been proposed for polarization conversion, such as linear-to-linear [10] , linear-to-circular [11] , and circular-to-circular [12] . However, many of these converters, for instance, metal split-ring resonators [13] , a polarization converter based on a metallo-dielectric metasurface (Grady et al.) [10] , and a multiple-band reflective polarization converter with a U-shaped metasurface (Huang et al.) [14] , are dependent on their operating bandwidths, thus limiting their practical applications [15] , [16] . Moreover, it is possible for these structures which are made of non-tunable materials to change the operating frequency when geometric parameters or substrates of these structures could be adjusted to varying degrees to satisfy different operating frequency bands. This situation is relatively rare for these non-tunable materials, such as metal [17] and dielectric materials [18] . This undoubtedly makes dynamic control more difficult and restricts potential applications. However, there are many state-of-the-art towards THz/mid-IR tunable polarization control elements. For example, the photoinduced handedness switching in terahertz chiral metamolecules allows electromagnetic control of the polarization of light, and it will find important applications in manipulation of terahertz waves, such as dynamically tunable terahertz circular polarizers and polarization modulators [19] . A switchable ultrathin terahertz quarter-wave plate (Wang et al.) provides a new way to achieve tunable and extremely low-profile polarization manipulation devices [20] . Electrically tunable THz polarization converters based on overcoupled metalisolator-metal metamaterials infiltrated with liquid crystals (Vasic et al.) can be applied in combination with other tunable elements and geometries of metallic resonators in order to further enhance the functionality of polarization control devices [21] . Li et al. proposed the enhanced optical modulation depth of THz waves by self-assembled monolayer of plasmonic gold nanoparticles in order to achieve larger modulation depth [22] . In addition, graphene as a tunable material for many optical applications has attracted attention.
Graphene, a monolayer of carbon atoms placed on a honey comb lattice, can be regarded as an emerging two-dimensional material and has drawn considerable attention due to its exceptional electrical and optical properties at terahertz and mid-infrared frequencies [23] , [24] , such as wide electrostatic tenability and strong plasmonic response with reasonably low loss. Several intriguing applications of graphene have been proposed and experimentally shown, including modulators [25] , nonlinear optical devices [26] , tunable cloaking devices [27] and other optoelectronic applications [28] . Due to the restricted flexible permittivity of precious metals, most of the polarizers for these metallic nanostructures can thus far achieve the polarization conversion function only within a specified frequency range [29] - [31] . However, it is highly convenient for a graphene metasurface to be dynamically tuned by varying the Fermi energy of graphene through the use of straightforward chemical or electrostatic tuning. Cheng et al. proposed a dynamically tunable broadband cross polarization converter (CPC) made of L-shaped graphene sheets, which transformed linear light into cross polarization light for a single band in the mid-infrared regions, [32] , [33] . Yao et al. presented a cross polarization rotator based on graphene meta-materials in the transmittance mode [34] . Ding et al. designed a dual-band CPC with L-shaped perforated graphene sheets in the reflective mode [35] . The proposed graphene metamaterials have been utilized to manipulate the polarization state of incident wave [25] . These studies offer a new route to develop voltage-controlled tunable devices, and they could find various applications in compact elements, such as tunable polarizers and polarization switches. The remarkable advantage of these proposed structures lies not only in their high polarization conversion ratios (PCR) but also in their wide frequency tunabilities. Their disadvantage is that of having only separate plasmonic resonances, which leads to independent resonant frequencies, inevitably limiting their operating bandwidths.
In the present study, a high-efficiency CPC that uses a graphene metasurface with a hollowcarved "H" array in the mid-infrared regions is designed. The device has a wide angle and a tunable wideband. The polarization converter transforms linear polarization light under the normal incidence to its cross polarization in the reflection mode. The FWHM bandwidth of the PCR reaches 3.87 THz, about 11% of the central frequency, whereas the PCR exceeds 90% at almost 2.53 THz Schematic is exhibited that a linearly polarization light in the normal incidence or the oblique incidence of not exceeding 50 • is incident on our proposed device, there is a strong polarization conversion from linearly polarization light to its cross polarization state. Here, the symbol "E " and "k" denote the electric field and wave-vector of the electromagnetic wave, respectively. of the operating bandwidth. Moreover, the wide-band properties can be well maintained under the oblique incidence up to an angle of incidence of 50
• . Compared with previous studies, the proposed reflective CPC has high efficiency, a broad tunable bandwidth, and tolerance for large angles of incidence. Fig. 1 shows the schematic and functional diagrams of the proposed CPC, which consists of three layers. The top layer is a graphene sheet with a periodic hollow-carved "H" array having the following geometric parameters: h 1 = 50 nm, h 2 = 30 nm, h 3 = 55 nm, w 1 = 80 nm, w 2 = 5 nm, and w 3 = 10 nm. The voltage V is used to control the conductivity of graphene [36] . The middle layer is a dielectric substrate with a thickness of 1500 nm; for convenience, the dielectric constant is assumed to be 2.1 [35] , [37] . In fact, a transparent material, such as ZeSe, can be used for the middle layer. Graphene is modeled as an infinitely thin sheet, applying some boundary condition, too [38] . The bottom layer is a type of metal that is made of gold; its conductivity is given as 4.56 × 10 7 S/m, and its thickness is determined as 100 nm. As a result, the wave transmission is totally suppressed because the layer is thicker than the typical skin-depth of 25 nm in the mid-infrared region.
Design and Simulation
The structure is modeled and simulated by using the frequency domain solver of the CST Microwave Studio software, which is based on the finite element method. In the simulation process, the periodic boundary conditions are set in the x and y directions and are open in the z direction under the condition of free space. The graphene is regarded as the boundary condition with impedance defined by the conductivity as shown in (1) . Specifically, the periodic boundary condition is used in the unit cell, and the complex reflection coefficients are donated by the S-parameters, which can be computed for cross polarized light.
The hollow-carved "H" array is rotated 45
• counterclockwise along the positive x-axis direction. Graphene can be regarded as a particular two-dimensional material, and its surface conductivity can be given by the proverbial Kubo formula [39] : 
where σ inter s and σ intra s stand for the inter-band and intra-band conductivities, respectively; T = 300 K is the room temperature; w is the frequency of the electromagnetic wave; is the reduced Planck constant; and κ B is the Boltzmann constant. The chemical potential of graphene is assumed to be μ c = 1 eV, and the electron relaxation time is chosen as τ = 0.5 ps [40] . For terahertz frequencies, the inter-band (3) is valid when μ c κ B T , w κ B T . However, when μ c κ B T , μ c w , the inter-band is negligible compared with (2) . Therefore, graphene is well described by the Drudelike surface conductivity (2) . Then, Graphene is modeled as an anisotropic medium in the CST simulations and the permittivity of graphene can be obtained by = 1 + jσ s 0 w t [41] .
Results and Discussion

Simulation Results
The structure is modeled and simulated by using the frequency domain solver of the CST Microwave Studio software, which is based on the finite element method. A general reflection matrix can distinctly describe the performance of the proposed CPC, which is expressed as [42] :
where R ij is the complex reflection ratio of the j-i polarization conversion, and the subscripts i and j can be replaced by x or y, respectively. Because of the symmetry of the CPC, R xx = R yy and R xy = R yx . Consequently, in this study, only R xx and R yx are discussed, by assuming x-polarized incident waves with loss of generality. The polarization conversion ratio (PCR) can be expressed as [43] :
Fig . 2 shows the R xx and R yx of the proposed structure based on the frequencies, where the electron scattering time and the Fermi energy of graphene are 0.5 ps and 1 eV, respectively, the PCRs can be calculated according to (6) , as also shown in the figure. The PCR is clearly observed to be above 90% from 34.39 THz to 36.92 THz, which corresponds to the 2.53 THz bandwidth. The FWHM bandwidth of the PCR is 3.87 THz, about 11% of the central frequency. And the insertion losses of the proposed polarization converter are about 8.2 dB at 34.39 THz, 8.5 dB at 36.92 THz [44] . The wide bandwidth is caused by two superimposed localized surface plasmon modes from the slot resonances. 
Physical Mechanism
To better show the physical mechanism of the proposed CPC, Fig. 3 presents the magnetic field and surface current distributions between the top graphene pattern and the bottom gold ground of the two resonant modes at 34.99 THz and 36.35 THz. As shown in Fig. 3(a) and (b) , when the electric field is along the x-positive axis, the induced magnetic field H 1 appears along the upper-right direction, divided into the x-(H 1x ) and y-direction (H 1y ). The electric field E x is perpendicular to the y component of the magnetic field H 1 ; consequently, it cannot cause cross coupling because the direction of the incident magnetic field is the same. The electric field E x is parallel to the x component of the magnetic field H 1 ; thus, the cross polarization occurs with x-to-y polarization conversion. The same physical mechanism applies at the resonant frequency point of 36.35 THz, as shown in Fig. 3(c) and (d) ; the y components of magnetic fields H 1 and H 2 , which are perpendicular to the incident electric field E x , cannot excite the cross polarization coupling, whereas the x components of magnetic fields H 1 and H 2 , which are parallel to the incident electric field E x , can achieve x-to-y polarization conversion because H 1x and H 2x can induce an electronic field E y , which is perpendicular to the incident electric field E x . As a result, the induced electronic field E y leads to the cross polarization conversion. Moreover, most of the current distribution is concentrated in the corners of the proposed regular-shaped hollow. Fig. 3 (e) and (f), respectively, show two resonant magnetic field profiles at 34.99 THz and 36.35 THz. Strong coupling among adjacent hollows is observed, attributed to a nearly equivalent magnetic resonator [45] , which is due to the magnitude field being almost focused on the corners of the hollow.
From previously reported polarization converters, which made use of an L-shaped perforated metal film or graphene sheet [46] , [47] , we know that the CPC is related to two eige nmodes, both with orthogonal incident polarization. For example, we assume that the incident polarization at 45
• counterclockwise from the positive x-axis direction is selected as the state of A ; in the same way, the incident polarization at 45
• clockwise from the positive x-axis direction is chosen as the state of B . These two states are described in Fig. 4 , which shows the reflection coefficients for these two states as R A A and R B B , respectively. Because they have no polarization conversion, R A B and R B A can be negligible. R A A appears at 37.3 THz and R B B at 34.38 THz when they exhibit resonances at these two frequencies, respectively. Moreover, these two orthogonal eige nmodes have a nearly 180 • phase difference within the band of the two resonant frequencies, as also shown in Fig. 4 . The cross polarization conversion over a wide frequency range is clearly described based on the proposed structure. The polarization is rotated by about 90
• because of the combination of the two states in the reflection mode.
Conversion Properties Based on Different Parameters
Impact of the Graphene Parameters
Before the emergence of graphene, the tunable property of operating frequencies depended almost totally on the size of the structure, thus putting high demand on the production process. The emergence of graphene allowed the Fermi energy of the material to be tuned from about −1 eV to 1 eV by chemical doping or electrical gating [48] and it has been used in experiments [49] . By altering the Fermi energy of graphene, the operating frequency bands can be easily controlled over a wide frequency range. Fig. 5(a) plots the PCRs for different Fermi energy levels under the normal incidence. As shown in the figure, the PCR is tunable over a wide frequency range of 22 THz to 40 THz, when the Fermi energy is 0.6 eV to 1 eV, with a gradient of 0.1 eV. In addition, the operating frequency bands present a blue shift, whereas the PCR rapidly reaches peak values and maintains a wide bandwidth simultaneously as the Fermi energy increases. This phenomenon is explained as follows: a higher Fermi energy level leads to stronger plasmonic resonance, decreasing the inherent loss of graphene and thus causing a phase difference of nearly 180
• in the reflected orthogonal components, which finally results in an enhanced PCR. Because their tunable property is achieved by tuning the Fermi energy of graphene rather than by re-optimizing or re-fabricating the structure size, graphene-based CPCs are undergoing faster development and are more widely used. Furthermore, these devices have potential beneficial applications in polarization switches and tunable polarization.
The electron scattering time, which is one of the distinctive properties of graphene, is associated with the proposed polarization converter. Previous studies have reported that, the electron time can change in a wide frequency range, from ps to sub-ps [40] , [50] , [51] . Fig. 5(b) shows the PCR for different electron scattering times of graphene under the normal incidence. When the electron scattering time τ is 0.02 ps or less, there is almost no polarization conversion. When τ is less than 0.2 ps, the PCR declines quickly. However, when τ is more than 0.2 ps, not only is the PCR well maintained but also a high polarization conversion is almost achieved within the same wide bandwidth. With the relative improvement of τ, the free carriers in graphene lead to a stronger plasmonic oscillation, resulting in plasmonic conversion; thus, a higher PCR can be obtained within the same location. Therefore, in the proposed CPC, selecting the appropriate electron scattering time for a good-quality graphene sheet is important.
Incident Angular Dependence
It is desirable that the polarization converter in the reflection mode performs well at different angles of incidence rather than merely under the normal incidence. Fig. 6 shows a plot of the device performance at different angles of incidence θ ranging from 0
• to 60
• . The numerical simulation results clearly indicate that there is no significant degradation in performance at angles of incidence ranging from 0
• to 50
• ; at the same time, the bandwidth of the operating frequencies is well maintained, and the PCR remains above 90%. The results shown in Fig. 6 indicate that the proposed CPC also has good robustness under the oblique incidence and not merely under the normal incidence. Further, the proposed device has an advantage over models based on metal nanostructures; for example, the PCR bandwidth of a polarization converter with slotted L-shaped metal nano-antennas decreases quickly when the angle of incidence exceeds 30
• [42] . Compared with a metal structure in the same resonant wavelength, the proposed device is much smaller in size. Consequently, the incident angular dependence is decreasing, thus, the structure size is related to the angular dependence of the PCR. When the incident angle is 60
• , a large attenuation is observed. The reason for this is that the interaction between the graphene and the electromagnetic wave is weakened due to the large angle of incidence. Additionally, such a phenomenon clearly indicates that the PCRs decline faster at low frequencies than at high frequencies, simply because low frequencies are more sensitive to changes in the angles of incidence.
Effect of Feature Size on the CPC
To better explore the relationship between the PCR and different periods, the PCRs are observed at different periods ranging from 200 nm to 230 nm, with a step of 10 nm. As shown in Fig. 7(a) , the wide bandwidth of the PCR presents not only a red shift but also a slight downward trend with increasing cycle sizes. This indicates that the desired frequency can be customized according to requirements by adjusting the structural period, thus enhancing the practicality of the proposed CPC. The reason for this is that the distance of the neighboring hollows affects the plasmonic resonant modes. Considering the desired excellent performance of the PCRs, 200 nm is deemed as an appropriate period size for the proposed CPC. Different dielectric layer thicknesses ranging from 900 nm to 1500 nm, with a gradient of 200 nm, were also selected. Based on the simulated results in Fig. 7(b) , the magnitude of the PCR increases and the operating frequency band slightly changes as the thickness increases from 900 nm to 1500 nm. When the thickness is equal to or greater than 1100 nm, there is a relatively small variation in the PCRs, whereas when the thickness is less than 1100 nm, the magnitude of the PCR declines rapidly. The highest polarization conversion efficiency is observed at thickness d = 1500 nm over a wide frequency band. This is because that the thickness of the dielectric layer is related to the response characteristics of the metasurface, and it is possible to change the input impedance of the proposed metasurface. A small shift in frequency is mainly caused by a change in the parasitic capacitance between the graphene pattern and the underlying noble metal.
To obtain the optimum polarization conversion effect, geometric parameter studies were carried out by varying the hollow size. High PCRs and wide bandwidths are considered simultaneously in the following simulation results. From the horizontal direction of the structure, h 1 is first increased from 35 nm to 55 nm, with a step of 5 nm, while keeping the other geometric parameters invariant. Fig. 8(a) shows that when h 1 = 35 nm, the maximum bandwidth and the lowest PCR are obtained. The opposite results are achieved when h 1 = 55 nm, that is, the higher the PCR, the narrower the operating bandwidth. Thus, h 1 = 50 nm is the most appropriate when considering both wide bandwidths and high PCRs.
The same condition occurs at h 2 , as shown in Fig. 8(b) . The PCRs and operating bandwidths are inversely proportional; thus, h 2 = 30 nm is the selected geometric parameter for the proposed device. The reason for this is that h 1 and h 2 together determine the major length of the hollow and help achieve a stronger coupling of neighboring corners for h 3 . When h 1 or h 2 is small, the bandwidth will separate two resonant frequencies because the distance of the neighboring hollows affects the magnetic coupling. As shown in Fig. 2(c) , the field maxima at 34.99 THz are mainly determined by the sizes of h 3 ; hence, the low frequency mode is inversely proportional to the sizes of h 3 . Fig. 8(c) presents the PCRs for different h 3 sizes ranging from 45 nm to 60 nm, with a step of 5 nm, and confirms the selected optimal result of h 3 = 55 nm. From the vertical direction, the field maxima at 36.35 THz are mainly determined by the sizes in the vertical direction, as shown in Fig. 2(d) ; thus, the high frequency mode is inversely proportional to sizes in the vertical direction. Additionally, w 1 is increased from 80 nm to 95 nm, with a step of 5 nm while keeping other parameters invariant. The operating bandwidth presents a red shift with a little narrowing, and the PCR remains high as w 1 increases, as shown in Fig. 8(d) . The simulated results indicate that dynamically tunable functions can also be achieved by altering the size of w 1 and not merely by changing the Fermi energy of graphene. Based on Fig. 8(e) , when w 2 is increased from 5 nm to 8 nm, with a step of 1 nm, while keeping the other parameters unchanged, the operating frequency band also present a red shift. However, there is an obvious narrowing trend in the bandwidth and a rapid decline in the PCR compared with Fig. 8(d) , which means that w 2 is a key factor in the PCR. Fig. 8(f) shows the PCRs of the proposed polarization converter for different w 3 , which confirm the selected optimal result of w 3 = 10 nm. One common observation is that the operating frequency band decreases as w 1 , w 2 , or w 3 increases. This indicates that the operating frequency band is much more sensitive to the variation in widths at high resonant frequencies than at low resonant frequencies and that the width of the proposed CPC mainly determines the size of the bandwidth.
Conclusion
A wideband tunable mid-infrared CPC is proposed, which consists of a dielectric substrate sandwiched between a hollow-carved "H" array graphene sheet and a continuous metal film. Simulation is carried out by using the CST Microwave Studio software. Under the normal incidence, the simulation results show that the PCR of the proposed CPC is over 95.2% at 2.1 THz and above 90% in the range of 34.39 THz to 36.92 THz. In essence, the incident polarization is greatly converted to its cross-polarization state. The FWHM bandwidth of the PCR is about 3.87 THz, almost 11% of the central frequency. These results are attributed to the fact that the incident polarization excites the slot resonances and the superposition of two eigenstate surface plasmon modes, causing a nearly 180
• phase difference. Moreover, by changing the Fermi energy of graphene rather than optimizing the geometric parameters, the polarization converter can be dynamically tuned over a wide frequency range. The polarization conversion performance is well maintained under the oblique incidence up to an angle of incidence of 50
• . Based on a study of the geometric parameters of the proposed structure, the dynamical tuning function can also be achieved by altering the size of w 1 or . We hope that our fundings will be helpful toward achieving a broader bandwidth in future studies. The proposed device could also provide inspirations for wide applications of miniature and integrated optical system.
